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The nature of local atomic and electronic structure at the nanoscale is of both fundamental and technological
importance. For example, supported metal nanoclusters exhibit a number of unusual phenomena including
large structural disorder and bond-length contraction with increasing temperature. We investigate this behavior
for a prototypical ten atom Pt cluster supported on y alumina using temperature-dependent, real-time simula-
tions based on density functional theory/molecular-dynamics and x-ray spectroscopy theory. The simulations
reveal a complex dynamical structure on multiple-time scales including librational motion of the center of mass
and fluctuating bonding characteristics, which explain many of the unusual properties.
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The physics and chemistry of nanoscale systems are of
considerable fundamental and technological importance. Ox-
ide supported metal nanoclusters constitute an important
class of such systems, with unique catalytic properties.!
However, the relationship between their structural and elec-
tronic properties as well as their influence on catalysis re-
mains largely unresolved. Indeed, the intrinsic complexity of
these systems has generated both attention and controversy
for years.>”* Evidently such systems have unusual physical
properties, as observed in recent x-ray absorption spectros-
copy experiments.’ For example, Pt nanoclusters on 7y alu-
mina were found to exhibit large disorder, bond-length con-
traction with increasing temperature [i.e., negative thermal
bond-length expansion (NTE)] and thermally induced
changes in electronic structure. A major difficulty in under-
standing these effects is that traditional methods of theory
and analysis designed for bulk structures tend to be ill suited
for studying nanoscale behavior. Thus different modeling
techniques are called for,® e.g., based on a combination of
theory and experiment.” As an example of such a combined
approach, we present temperature-dependent density func-
tional theory/molecular-dynamics (DFT/MD) calculations®?
of the simulated real-time behavior of supported Pt nanoclus-
ters on [110] y alumina together with calculations of their
x-ray absorption spectra (XAS). These simulations reveal a
rich dynamical structure over multiple time scales, ranging
from internal vibrations and flexing modes to stochastic li-
brational and transient motion of the center of mass. The
physical picture revealed by our DFT/MD simulations is that
of a flexible nanocluster tethered to the surface by a few
transient surface bonds. These characteristics are key to un-
raveling many of the unusual properties of these systems. To
illustrate this behavior, time-elapsed renderings of the struc-
ture for the low (165 K) and high (573 K) temperatures of
the experiment® are shown in Fig. 1. Further details are given
in the supplementary material.!”

DFT/MD simulations are advantageous for understanding
the dynamics of such complex systems since they naturally
sample relevant configurations with appropriate Boltzmann
statistics. It is useful to analyze the dynamics of these sys-
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tems in terms of center of mass (CM) and internal motion.
While large CM fluctuations are ultimately responsible for
many of the unusual properties of these systems, x-ray spec-
tra depend primarily on their internal structure. The libra-
tional motion of the CM is thermally driven and reflects a
hindered Brownian motion in two dimensions. Thus diffu-
sive motion is generally constrained by Pt-O bonds at the
surface. However, due to the transient behavior of the Pt-O
bonds that occasionally break and reform, transient displace-
ments are sometimes observed. The librational fluctuations'’
are of angstrom amplitude, i.e., an order of magnitude larger
than typical vibrations, and are accompanied by CM speeds
v=~0.7 A/ps=70 m/s. This is consistent with the equipar-
tition theorem result for the rms speed v= \e“‘QkBT/ M, where
M is the cluster mass and kg is Boltzmann’s constant. Thus
such motion is expected to be generally important for teth-
ered clusters at the nanoscale when M is sufficiently small.
Although librational motion has also been investigated in the
surface dynamics of small molecular systems,'"!? its role in
nanostructure dynamics has been heretofore unexplored. In-
creased fluctuations in cluster surface atoms have also been
found in other recent experiments. '3

Our DFT/MD simulations were carried out for a proto-
typical Pt,, nanocluster on the “d” layer of the [110] surface
of y-Al,O; using the VASP code optimized for MD
simulations,'* starting from an initial ground-state structure
and cluster position. To check the possible dependence of the
results on the starting point, we repeated the DFT/MD cal-
culations for two additional cluster starting configurations.
Remarkably, despite noticeable differences in the stochastic
CM motion, the simulations all gave closely similar results
for the ensemble of internal structures. Subsequently a con-
figurationally averaged XAS was calculated using a parallel
version of the real-space multiple-scattering code
FEFF8.2,'%-10 which is well suited for Pt XAS studies.!” The
DFT calculations used a standard Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional'® with a plane-wave
cut-off energy of 396 eV, and were performed using the DOE
NERSC high-performance computer facility. The MD in-
cluded a Nose thermostat and a time step of 3 fs, which is
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FIG. 1. (Color) Time-elapsed rendering of the structure of a Pt;q
cluster on [110] y-Al,O5. The purple and gold spheres represent Pt
atoms that are metallic and oxidized, respectively, with the latter
being bound to surface O atoms, while the red and turquoise
spheres represent oxygen and aluminum atoms, respectively. The
“blurriness” of a given atom characterizes its range of motion.

small enough to capture even the short-time vibrational mo-
tion. After a period of =3 ps, which is adequate to achieve
thermal equilibrium, the calculations were continued for an-
other 5.5 ps to sample the phase space including several
librational periods. The DFT/MD calculations for these sys-
tems are computationally intensive, and altogether required
about 2 10* cpu h. Hence they could only be done in a
reasonable time on modern high-performance machines.
Considerably more time would be needed to simulate the full
Pt cluster size distribution including the bonding of adsor-
bates such as H or the long-time diffusive motion. However,
separate DFT calculations were carried out to show that the
inclusion of cluster-bound H atoms weakens the Pt-Pt bonds,
leading to an increase in the Pt-Pt bond length consistent
with experimental observations. Although some previous
DFT/MD supported-cluster simulations have been carried
out,' they were applied to carbon-supported nanoclusters
not displaying the electronic or structural anomalies dis-
cussed here.

We find that the results for our prototypical Pt;, cluster
already give a qualitative explanation of the unusual behav-
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FIG. 2. (Color) Pt-Pt pair distribution function and fits (dashed
lines) to asymmetric Inn distributions g(r) generated by ad hoc
Morse potentials (see text). The inset shows the effective Pt-Pt pair
potentials that characterize the thermal and structural disorders at
165 (blue) and 573 K (red).

ior of these systems. The configurations generated by the
DFT/MD time series can be characterized by the pair distri-
bution function (PDF) g(r) and its moments. To be consistent
with extended x-ray absorption fine structure (EXAFS)
analysis,5 we evaluate the mean Pt-Pt distance in terms of the
first nearest-neighbor PDF. We find that the asymmetric PDF
from our MD time series is well converged and can be pa-
rametrized well in terms of an effective, anharmonic pair
potential?® g(r)=Ae~®"), where ® is represented by a Morse
potential ®(r)=BD[e-*""0—1]*> with temperature-depen-
dent parameters A, D, «a, ry (Fig. 2, dashed lines). This pa-
rametrization allows one to visualize the effective pair poten-
tials (inset of Fig. 2) and simplifies the analysis.?!?*> A factor
B=1/kgT is included for convenience, in analogy with
model PDFs for vibrational motion. Both the temperature
dependence and increased width of @ at short distances are
striking, and differ from conventional vibrational dynamics
with constant pair potentials and hard-core repulsion. Table I
presents the mean distances R, the mean square relative dis-
placements (MSRD) o¢? including structural and vibrational
disorders, and the mean first neighbor (Inn) coordination
numbers N.

Clearly, the change in the mean distances between 165
and 573 K confirms NTE for a Pt cluster with net decrease
of AR=-0.008 A. Although smaller than the experimentally

TABLE 1. Average distance R, MSRD ¢, and mean coordination number N as a function of temperature
for the different Pt-Pt and Pt-O bonds (see text) based on Morse-potential PDF parametrizations.

R (A) a2 (1073 A?) N
Bond 165 K 573 K 165 K 573 K 165 K 573 K
Pt-Pt 2.602 2.594 5.2 10.0 3.2 2.9
Pt,-Pt, 2.627 2613 3.5 73 0.7 0.4
Pt,,-Pty, 2.637 2.598 5.4 10.8 1.0 1.0
Pt,-Pty, 2.560 2.596 3.3 8.6 15 15
Pt-O 2.076 2.086 22 9.2 0.4 0.6
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observed decrease of —0.027 10%, the experimental measure-
ments were carried out for a range of cluster sizes between 5
and 25 Pt atoms rather than a single ten atom cluster. Also
the large structural and vibrational disorders given by the
simulations (Table I) are in rough agreement with the experi-
mental values® for the 5-25 atom distribution, 8 X 1073 A2
(10X 1073 A?) at low (high) temperature. Finally, the mean
coordination numbers N are smaller than the mean experi-
mental value =5.5 for the 5-25 atom clusters, as expected
for a small cluster.

To understand better the structural changes with tempera-
ture and the role played by the surface, we decompose the
Pt-Pt PDF into two distinct populations of Pt atoms: namely
the subsets that are (i) in contact with O atoms at the surface
(Pt or oxidized) and (ii) those only in contact with other Pt
atoms (Pt,, or metallic). This decomposition generates three
pair distributions: Pt,-Pt,, Pty,-Pt,,, and Pt,-Pt,,, which help
explain some of the unusual properties of these nanoclusters.
First, the Pty-Pt, and Pty,-Pt;, bonds show considerable NTE
(0.014 and —-0.039 A, respectively). For the Pt, cluster
this is partly counterbalanced by a 0.036 A positive thermal
expansion for the Pt,-Pt), bonds. Second, the average R for
bonds between oppositely charged species is smaller than
that for similarly charged species. Third, the reduction in N
at high temperature is largely due to a decrease in the num-
ber of Pt)-Pt, bonds. Finally, the weak, broad peaks in the
PDF between 3.1-3.4 A are due largely to Pt,-Pt,, bonds.
This secondary structure is a consequence of the spatial seg-
regation of the metallic and oxidized populations, i.e., the
Pty and Pt), atoms tend to lie on distinct, nonoverlapping
layers.!® The physical reason for these differences can be
attributed to charge transfer, as shown by electronic structure
and XAS calculations described below. The Pt-O bonds play
an important role in binding the cluster to a given region of
the surface. Our simulations reveal wide Pt-O bond-length
distributions that differ among the O atoms attached to the
cluster. The difficulty of observing the O atoms in XAS is
likely due to the wide Pt-O distributions and the weakness of
O scattering. Interestingly, while the Pt cluster at low tem-
perature sees a somewhat structured support with peaks in
the PDF above 3 A, this structure is washed out at high
temperature and the support is seen as homogeneous.'? Over-
all, it appears that the mechanism responsible for the ob-
served NTE is largely due to the librational motion, which
leads to increased disorder at high temperatures, rather
analogous to that for entropy-driven transitions between
solid and disordered phases, e.g., in H,0.7

We now turn to the analysis of the XAS, which is often
used for structural investigations of nanoparticles.” In addi-
tion to the observation of NTE, the experimental Pt L; XAS
of the clusters is redshifted, and the white line intensity for
the He-treated clusters increases with increasing temperature
both in H, and He atmospheres.’ Separate XAS calculations
were carried out for each Pt atom in nanoclusters generated
by 32 randomly chosen configurations sampled from the MD
trajectory. To check that this was adequate, we verified that
the results changed little from those with 24 configurations
and that the leading moments of the Pt-Pt PDFs for 32 con-
figurations agreed with those for the full time series to three
significant digits (Fig. 3). Our XAS calculations included all
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FIG. 3. (Color) Comparison of theoretical (bottom curves) and
experimental (top curves shifted for clarity) x-ray absorption near-
edge structure (XANES). The theoretical spectra are obtained from
a configurational average of 32 random conformations extracted
from the last 5.5 ps of the MD simulation. The error bars on the
theoretical calculations indicate the standard deviation of fluctua-
tions between the various configurations.

atoms within a radius of 7 A, i.e., about 150 atoms from the
center of the cluster, and used a fully screened core hole and
the default Hedin-Lundqvist plasmon-pole self-energy. These
calculations used no adjustable parameters; the absolute en-
ergy scale was calibrated against that in bulk Pt and the edge
positions at each temperature reflect a configurational aver-
age of the Fermi energies. Due to the large structure and
bonding fluctuations, the results for individual configurations
(Fig. 3) show considerable variation. For such cases it is
usually not reliable to calculate the XAS in terms of the
mean structure and Gaussian Debye-Waller factors, and
hence, configurational averaging was necessary.'? The agree-
ment between our XAS simulations and experiment is re-
markable, reproducing all features with the exception of the
notable drop in intensity after the white line at high tempera-
ture. Given the sensitivity of the XAS to structure, this
agreement lends support to the validity and interpretation of
our simulations.

It is also interesting to analyze these results in terms of
their electronic structure. Both our DFT and XAS simula-
tions show that the mean Fermi energy (and hence the
threshold energy) decreases with increasing temperature with
changes of a few tenths of an electron volt,'® roughly com-
parable with the observed 0.6 eV redshift in the experimental
XAS for the 5-25 atom distribution. Interestingly, the mean
charge per Pt atom obtained from a Bader analysis shows
significant, temperature-dependent differences between the
two populations of Pt atoms. At low (high) temperature the
oxidized Pt atoms have an average positive net charge of
+0.23¢ (+0.27¢) while the metallic ones are slightly negative
with —0.05¢ (—0.06¢). Thus the observed variation in edge
positions with temperature can be attributed to an interplay
between charging, chemical shifts, and entropic effects, all
driven by the large dynamical fluctuations of the system.

In summary, we have applied a combination of theory and
experiment to elucidate the behavior of supported Pt nano-
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clusters. Our DFT/MD approach addresses the nature of non-
equilibrium structure at the nanoscale from a simulated real-
time point of view and is a generalization of the conventional
treatment in terms of small vibrations about quasiequilibrium
positions. Remarkably, our simulations explain many of the
unusual properties of these systems, including NTE, anoma-
lous disorder, and thermal variations in electronic structure.
A notable revelation is that the disorder is due to large, dy-
namical fluctuations driven by librational motion and internal
flexing. Because of the analogy to hindered Brownian mo-
tion, such motion is expected to be a general feature of teth-
ered nanoparticles. Our DFT/MD calculations also explain
fluctuating cluster-substrate interactions and charge transfer,
consistent with observed variation of the absorption thresh-
old. Finally, these results imply that a real-time DFT/MD
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approach that accounts for librational motion and fluctuating
bonding may be key to a better understanding of the catalytic
activity in Pt/y-Al,O5 systems since they point to an en-
hanced phase space of possible reaction sites and variable
electronic structure. Thus because of the close connection
between structure, both atomic and electronic, and function,
we argue that this dynamic structure picture could lead to a
fundamentally new level of understanding of nanoscale ma-
terials with potentially important implications for their cata-
lytic properties.
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Supplementary Material

The DFT/MD simulations combined with FEFF8 EXAFS/XANES calculations yield much
more data than is appropriate for a Letter. Here we supplement the main text and discussion
with additional details, including a comparison between results obtained from several MD simula-
tions. These simulations were started from three different points in phase-space: P1) the structure
obtained by minimizing the optimal gas-phase Ptig cluster structure on the v-alumina surface;
P2) the structure obtained after optimizing structures extracted from the low temperature branch
of the P1 simulation; and P3) the corresponding structure obtained from the high temperature
branch. Short video clips are also available which illustrate the dynamic evolution of the clus-
ters at both low and high temperature. Finally several topics are reserved for future discussions,
e.g., the frequency distribution of the time series, to show that the substrate is a high frequency

vibrator, further details of the XAS analysis and simulations, and transient long-time behavior.
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Supplementary Figure 1: Internal motion: mean first nearest-neighbor Pt-Pt distance R(T') for
Pt1o cluster as a function of time and temperature for a typical MD run (P1). The dashed lines
correspond to running averages of width 0.6 ps. The horizontal lines show R(T) at 165 (blue)
and 573 K (red) averaged over the pair distribution functions (PDF), which are obtained from the
statistically relevant part of the run (¢ > 3.0 ps). The difference clearly indicates a NTE of —0.008
A from 165 to 573 K.
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Supplementary Figure 2: Internal structure: Pt-Pt PDFs and fits (dashed lines) to an asymmetric
distribution generated by a Morse potential (see text) obtained from: three different MD runs from
starting points P1, P2 and P3 at each temperature, and for comparison: A) the PDF for the 32
configurations used to calculate the average XAS spectra (Supp. Fig. 9); and B) a Boltzmann-
weighted average of a set of minima obtained from optimizations of the 32 configurations used in
the XAS average (Supp. Fig. 9). Remarkably all the MD simulations started at different initial
points all give closely similar PDFs. This indicates that the internal motion of the cluster in the
center of mass frame is only weakly dependent on the starting point. Moreover, the moments of
the PDFs, obtained from the configurations used in the spectral average agree to within 0.1% with
those obtained from the full PDFs. The Boltzmann-weighted pair distribution function shows a
bimodal structure at the first neighbor distance (2.5-2.7 A) with short and long Pt-Pt bonds. Note
that the structural PDFs from the frozen minima — which do not include thermal Debye-Waller

factors — exhibit very little temperature dependence.
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Supplementary Figure 3: Analysis of internal structure: decomposition of a typical full Pt-Pt PDF
(P1, black) at 165 and 573 K obtained by classifying the Pt atoms as “metallic” or “oxidized.” The
red and green curves correspond to interactions between an “oxidized” or “metallic” atom respec-
tively, and any other Pt atom, while the blue, purple and orange curves describe the interaction
between the different atomic populations. The various curves are shifted upward for clarity. The
“metallic” Pt atoms have, on average, one extra neighbor with respect to the “oxidized” Pt. These
populations are clearly different, especially at high temperature. Moreover, while the “oxidized”

population has a nearly constant first nearest-neighbor distance, the °

‘metallic” population has an
NTE of —0.016 A. The average expansion between the two populations (—0.008 A) is consistent

with the observed for the full population.
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Supplementary Figure 4: Center of Mass motion: coordinates of the center of mass of the Pty
cluster as a function of time and temperature, with respect to the initial point of the three MD runs
P1, P2 and P3. All of the runs can be interpreted in terms of long time (ps-scale) librational motion
of the center of mass of A amplitude. Thus diffusive motion tends to be constrained by the Pt-O
surface bonds. However, occasional transient drifts are evident, especially at high temperature.
Note also that the center of mass moves significantly less perpendicular to the surface owing to
the Pt-O bonds with essentially fixed distances, and also exhibits vibrations of higher frequency
along that direction. The mean speed of the center of mass for a typical MD run is v ~ 0.7 A /ps
~ 70 m/sec. This is consistent with the mean librational motion of a tethered Brownian particle

moving in 2-dimensions: from statistical mechanics (1/2)Mv? ~ 2/2kgT,
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Supplementary Figure 5: Center of mass motion: trajectories and average footprints of the Ptqg
cluster at 165 K (blue) and 573 K (red), projected over the y-Al,Og3 surface for the three different
starting positions P1, P2 and P3. The full red and blue circles indicate the positions of the O and
Al atoms, respectively in the first surface layer, while the lighter circles correspond to atoms in the
second layer. The dotted lines show the average footprints representing the mean outer boundaries
of the clusters. Clearly visible are sudden drifts, especially at high temperature. Note, for example,

that the low temperature simulations have a more compact footprint.
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Supplementary Figure 6: Pt-O Bond fluctuations: variation of the bond distance for the six shortest

Pt-O bonds initially present for a typical MD simulation (P1) at low temperature (165 K). Note

that the simulations reveal wide bond length distributions, which vary considerably among the

various O atoms and also exhibit transient behavior. For the P1 initial structure above, four bonds

remain constantly attached, while the other two break and reform several times over the time series.

The behavior is similar for the P2 and P3 structures. For the P2 structure at high temperature

(573K) however, occasionally many Pt-O bonds break and reform, leading to sudden displacements

as seen in Supplementary Fig. 4.
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Supplementary Figure 7: Cluster-Substrate interaction: Pt-O pair distribution functions and fits
(dashed lines) to an asymmetric distribution generated by a Morse potential (see text) for the
three different MD runs with starting points P1, P2 and P3. Fits to these asymmetric distributions

predict a normal thermal expansion of 0.010 A (See Supplementary Table II).
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Supplementary Figure 8: Fermi-energy fluctuations: variation in the Fermi energy of the system as
a function of time from the VASP DFT calculations for the three MD runs with starting points P1,
P2 and P3 at both high (red) and low (blue) temperature. The dashed lines correspond to running
averages of width 0.6 ps and the horizontal lines show the overall average over the statistically
relevant part of the runs (¢ > 3.0 ps). There is a clear lowering of the Fermi energy with increasing
temperature, consistent with the chemical shift observed in the XANES spectra. Although the
shifts for P1 and P3 are comparable, that for P2 are larger and roughly correlated with the the

more erratic shifts in CM position observed for P2 (Supplementary Figure 4).
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Supplementary Figure 9: X-ray Absorption Spectra: comparison of the experimental x-ray ab-
sorption near-edge spectra (XANES) at 165 K (blue) and 573 K (red) with: P1) that calculated
theoretically for the configurational average over 32 randomly chosen conformations taken from a
typical MD run, the Pl-time series (see text); A) that calculated for a single conformation cor-
responding to the mean Ptig cluster structure (i.e., x({(R)}) for each temperature including Pt
Debye-Waller factors; and B) a Boltzmann-weighted average of the spectra corresponding to set of
structures obtained by energy minimization from the 32 configurations used in the configuration
average P1. Note that the configurational average provides slightly better agreement with experi-
ment than a single mean structure, while the results B for the frozen, minimum energy structures

have insufficient broadening.
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Supplementary Table I: Average distance R (A), MRSD ¢? (10~3 A?), third cumulant ¢ (10~*
A?), and mean number of nearest-neighbors N, as a function of temperature for the various Pt-Pt

and Pt-O bonds obtained from the typical PDF for the P1 structure.

R o? o3 N

Bond 165K 573K 165K 573K 165 K 573 K 165K 573K
Pt-Pt 2.602  2.594 5.2 10.0 3.0 3.2 3.2 2.9
Pto-Pt 2.593  2.593 4.5 9.0 2.0 2.5 1.4 1.1
Pty-Pt 2.611 2.595 5.9 10.8 4.2 4.0 1.8 1.8
Pto-Pto 2.627  2.613 3.5 7.3 2.0 1.1 0.7 0.4
Pty-Pty,  2.637  2.598 5.4 10.8 2.4 1.6 1.0 1.0
Pto-Pty, 2560  2.596 3.3 8.6 1.3 5.7 1.5 1.5
Pt-O 2.076  2.086 2.2 9.2 0.6 0.6 0.4 0.6

Supplementary Table IT: Average distance R (A), MRSD &2 (10~% A?), third cumulant ¢ (10~*
AS), and mean number of nearest-neighbors NV, as a function of temperature for the various Pt-Pt
and Pt-O bonds, obtained from the average PDF over all three simulations P1, P2 and P3. Note
that all results are closely similar to those for the typical P1 simulation. The decomposition of
the pair distributions shows that the negative thermal expansion is largely associated with the

“metallic” Pt atoms.

R o? o®) N

Bond 165 K 573 K 165 K 573 K 165 K 573 K 165 K 573 K
Pt-Pt 2.596 2.585 5.1 10.1 2.8 3.2 3.2 3.0
Pto-Pt 2.589 2.586 4.5 9.8 1.9 1.9 1.4 1.2
Ptys-Pt 2.603 2.586 5.7 10.2 4.0 4.5 1.8 1.9
Pto-Pto 2.623 2.610 3.4 9.5 1.5 1.4 0.7 0.4
Ptar-Ptas 2.620 2.578 5.0 10.8 0.6 1.6 1.0 1.1
Pto-Ptys 2.555 2.577 3.0 9.2 1.0 2.8 1.6 1.5
Pt-O 2.087 2.096 2.9 9.2 1.3 3.9 0.5 0.6
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